Abstract. Allosteric modulators of G protein-coupled receptors (GPCRs), which target at allosteric sites, have significant advantages against the corresponding orthosteric compounds including higher selectivity, improved chemical tractability or physicochemical properties, and reduced risk of receptor oversensitization. Bitopic ligands of GPCRs target both orthosteric and allosteric sites. Bitopic ligands can improve binding affinity, enhance subtype selectivity, stabilize receptors, and reduce side effects. Discovering allosteric modulators or bitopic ligands for GPCRs has become an emerging research area, in which the design of allosteric modulators is a key step in the detection of bitopic ligands. Radioligand binding and functional assays ([ 35 S]GTPγS and ERK1/2 phosphorylation) are used to test the effects for potential modulators or bitopic ligands. High-throughput screening (HTS) in combination with disulfide trapping and fragment-based screening are used to aid the discovery of the allosteric modulators or bitopic ligands of GPCRs. When used alone, these methods are costly and can often result in too many potential drug targets, including false positives. Alternatively, low-cost and efficient computational approaches are useful in drug discovery of novel allosteric modulators and bitopic ligands to help refine the number of targets and reduce the false-positive rates. This review summarizes the state-of-the-art computational methods for the discovery of modulators and bitopic ligands. The challenges and opportunities for future drug discovery are also discussed.
INTRODUCTION
G protein-coupled receptors (GPCRs), also known as 7-transmembrane (7TM) receptors, are the largest family of cell surface receptors in the human genome (1). Receptors of four major classes of human GPCRs (class A, B, C, and F) play key roles in many essential physiological processes including neurotransmission, immune defense, cell growth, cellular metabolism, secretion, and differentiation. GPCRs are targeted by more than 40% of marketed drugs worldwide (2) (3) (4) (5) , providing treatments for cancer, central nervous system (CNS) disorders, cardiac dysfunction, diabetes, obesity, inflammation, and pain.
Each GPCR has a distinctive binding pocket/site for its endogenous ligands. This so-called orthosteric binding pocket/ site (Fig. 1a ) can be bound with both native or synthetic ligands termed orthosteric ligands (6, 7) . Early drug development focused on the orthosteric site (8) . Orthosteric ligands ( Fig. 1(a) ) have the advantages of better lipid solubility, fewer interactions with other proteins in the CNS, and no metabolism by CYP450 (9) . However, most orthosteric ligands have poor efficacy, subtype selectivity, and/or resistance (1, 6, (10) (11) (12) (13) (14) .
In addition to the orthosteric binding pockets/sites, GPCRs, kinases, ion channels, caspases, and phospholipases have been recently reported to possess allosteric binding sites ( Fig. 1(b) ) (1, 6, (10) (11) (12) (13) (14) . Each class contains many therapeutically relevant targets, and the detailed statistics data can be found in publication of Huang et al. (15) (or their website http:// mdl.shsmu.edu.cn/ASD/). Briefly, allosteric binding sites functionally differ from orthosteric ones, allowing additional receptor-ligand interactions and signaling phenomena. To our knowledge, allosteric ligands (Fig. 1b) of GPCRs can be divided into three types according to their pharmacological effects. Positive allosteric modulators (PAMs) can potentiate agonistmediated receptor response, while negative allosteric modulators (NAMs) can noncompetitively decrease receptor activity. Silent/neutral allosteric modulators (SAMs) could target allosteric binding sites, which can block the activity of either PAMs or NAMs instead of mediating orthosteric ligand responses (1, 6, (10) (11) (12) (13) (14) .
The clinical successes of benzodiazepines and barbiturates, selective PAMs of neurotransmitter γ-aminobutyric acid type A (GABA A ) (11, 16) , made allosteric regulation an attractive field for drug research. The application of allosteric drugs can enhance GABA A receptor activity in the treatment of CNS disorder and overcome shortcomings of traditional orthosteric compounds. The increasing number of both publications and new modulators reflects a general trend of developing allosteric modulators (7, 17) . Allosteric modulators are found to possess better receptor subtype selectivity when compared with orthosteric ligands (9, 11, 18, 19) .
A new class of ligands (20) (21) (22) (23) (24) (25) , termed bitopic or dualsteric ligands ( Fig. 1(c) ), have been reported to target at both orthosteric and allosteric sites simultaneously. The development of bitopic ligands is based on the combination of high affinity (via orthosteric sites) and high selectivity (via allosteric sites) (20) . Moreover, some recent reports (26, 27) showed that bitopic ligands possess either orthosteric or allosteric properties under different conditions. Both allosteric modulators and bitopic ligands of GPCRs possess advantages over orthosteric ones, so the discovery of allosteric modulators or bitopic ligands of GPCRs has become a new strategy in drug design.
Radioligand binding and functional assays ([ 35 S]GTPγS and ERK1/2 phosphorylation) are used to characterize the effects for potential modulators or bitopic ligands (28) (29) (30) (31) . Kruse et al. (30) showed that LY2119620 (PAM) enhanced the affinity and potency of iperoxo (agonist for M2 muscarinic acetylcholine receptor (M2mAChR)) while activated M2mAChR signaling is measured directly by [ 35 S]GTPγS and ERK1/2 phosphorylation. Lane et al. (29) , Shore et al. (31) , and Ahn et al. (28) explored the functional features of some allosteric modulators and bitopic ligands by testing for activity of the modulators of known-compound-induced ERK1/2 phosphorylation in GPCRs. Some biochemical experiments (32) (33) (34) have been carried out in the discovery of allosteric modulators or bitopic ligands of GPCRs, including high-throughput screening (HTS), disulfide trapping, and fragment-based screening (32) (33) (34) .
However, experimental methods are costly and timeconsuming, and can result in a large number of potential targets, including many false positives. Alternatively, many low-cost and efficient in silico methods based on sequence, structure, and dynamics are recognized as valuable tools to predict the allosteric site. The pharmacophore model and virtual docking screening that are successfully utilized in the discovery of orthosteric ligand are powerful tools for developing the allosteric/bitopic ligands as well. All-atoms molecular dynamics (MD) simulations are also successfully used to probe the detailed interactions of allosteric/bitopic ligands. This work will review some classical strategies of computational approaches and state-of-the-art computational methods to discover allosteric modulators or bitopic ligands of GPCRs.
RECENT ADVANCES OF ALLOSTERIC MODULATORS AND BITOPIC LIGANDS
Allosteric ligands are considerable potential sources of drugs due to clear therapeutic advantages and higher selectivity compared to traditional orthosteric ligands. Two GPCR allosteric modulators have already appeared on the market. Cinacalcet (Sensipar, Fig. 2a) , conducted by Amgen, is a PAM that acts as a calcimimetic at the calcium-sensing receptor (CaSR), which was designed using a homology model of GPCR. Cinacalcet (35) (Fig. 2a) was approved by the FDA in 2004 as a treatment for hyperparathyroidism due to the function of CaSR in calcium homeostasis regulation, renal calcium resorption, and the maintenance of intracellular inositol triphosphate levels. Maraviroc (36) (Selzentry), designed by Pfizer Inc., is a NAM of chemokine CC-motif receptor 5 (CCR5) according to the result of HTS, and approved by the FDA in 2007 to treat patients infected with HIV.
Some GPCR allosteric modulators have entered clinical stages in recent years. Reparixin (37), a NAM for chemokine (C-X-C motif) receptor 1/2 (CXCR1/2), has shown a significant effect in the treatment of reperfusion injury to lung/kidney transplantation, and has entered into clinical trial II/III for further studies. Some PAMs or NAMs for metabotropic glutamate receptor 5 (mGluR5), which were wellstudied and hotly debated, have already been carried out in clinical researches. For instance, ADX10059, an mGluR5 NAM, was recognized as the first compound to improve clinical symptoms in gastroesophageal reflux disease (GERD) patients (38) . ADX10059 can also be used as an acute treatment for migraine and anxiety (39) . When given in combination with levodopa, AFQ056, an mGluR5 NAM, has As a developing field, the discovery of bitopic ligands expands the scope of GPCR ligands design. Although no drug is yet on the market, some bitopic ligands show potential therapeutic effects. For instance, the compound SB269652, originally discovered as an antagonist of dopamine D2 receptor (D2R) and dopamine D3 receptor (D3R) (48) , was proposed by Silvano et al. (49) as a bitopic ligand. The interaction between SB269652 and D3R was supported by work published by Maggoi et al. (27) . Lane et al. (26) also provided evidence to confirm that SB269652 acted as a bitopic ligand at D2R. Their docking results of some representative D3R bitopic ligands were consistent with their previous studies (29) : SB269652 shared same charge-charge interaction between the basic amino nitrogen and the carboxyl of Asp114 within the orthosteric pocket. Importantly, SB269652 also formed strong hydrogen bonding with Glu95 2.65 in the allosteric pocket (TM1-2-7 region). Muscarinic acetylcholine receptors (mAChRs) are fruitful research objects for the development of bitopic ligands. Tahtaoui et al. (50) synthesized and used several fluorescent derivations of BPDIPY-label pirenzipine (an M1mAChR antagonist) to study ligand-receptor interactions. These analogs might interact with both orthosteric and allosteric binding domains of M1mAChR, and therefore may act as potential bitopic ligands. An M2mAChR partial agonist, McN-A-343, was considered as a bitopic ligand as well. Christopoulos et al. (51) found the reduction of receptor function after mutation of the allosteric site among McN-A-343 derivatives. Their molecular modeling and docking study indicates that the 3-chlorophenylcarbamate moiety of McN-A-343 tended to prolong to extracellular loop 2 (ECL2) region. ECL2 contains the allosteric site of M2mAChR, potentially explaining the previous results (51) . Recently, Jo et al. (24) reported a novel bitopic antagonist (SPM-242) for the sphingosine 1-phosphate 3 (S1P 3 ) receptor. They found that SPM-242 in the S1P 3 receptor occupied both orthosteric and allosteric sites, which was consistent with the binding site of their novel allosteric agonist CYM-5541. More bitopic ligands with potential therapeutic effects can be found in Fig. 2b .
ALLOSTERIC BINDING SITE PREDICTIONS
Identification of the allosteric binding site is the first step to discover allosteric modulators or bitopic ligands. This section mainly introduces computational approaches for predicting allosteric binding pockets/sites, including sequence-based methods, structure-based approaches, conformational dynamics-based approaches, normal-modeanalysis-based (NMA) approaches, combinations of conformational dynamics-based and NMA-based methods, and other allosteric-related approaches (Table I) . Some of these state-of-the-art computational approaches have been reviewed by Lu et al. (52) in their recent paper.
Sequence-Based Approaches
The conservation of amino acid sequences is often used to indicate biological importance. Sequence alignment (comparing sequence conservation) is a traditional way of arranging different sequences (including DNA, RNA, or protein) to identify regions of similarity that may reflect functional, structural, or evolutionary relationships among the sequences. This method is useful to identify similar/identical domains, especially highly conserved, functionally significant residues/ binding pockets among proteins (especially within protein families and superfamilies). Moreover, this method is simple and traditional but not very accurate. The accuracy of sequencebased methods mainly relies on the similarity and inferred homology among sequences, which makes it unnecessary to know the 3D structure of the predicted protein.
Recently, Liu et al. Statistical coupling analysis (SCA) (55) is a sequence-based technique of using multiple sequence alignments (MSA) to identify networks of coevolving residues and statistical interactions between amino acid positions in a protein family, providing indications of allosteric communication between functional and allosteric sites (56, 57) . This assumption was supported by a number of computational predictions of allosteric signaling for thermodynamically linked residues in PDZ domains (58) . Recently, Reynolds et al. (59) confirmed this algorithm using model systems of the metabolic enzyme dihydrofolate reductase (DHFR) and a protein interaction module (the PDZ domain). Statistical cutoffs that contributed to the coevolving residues were detected by the SCA for an alignment of 418 phylogenetically diverse DHFR sequences. The results suggest that SCA selected a connection that has impact on the initial step of allosteric regulation between sectors and surface sites. However, analyzing relationships by calculating the covariance as in equations might lead to inconsistent results, which is caused by the characteristic of not revealing the physical mechanism of energetic coupling.
Structure-Based Methods
Structure-based methods rely greatly on the 3D structures of the target proteins obtained through methods such as X-ray crystallography or NMR spectroscopy. If there is no available structure for the target, it may be possible to build a 3D homology model. Computational software or algorithm (60) will be used to find the Ballosteric binding sites^from receptor cavities or from the Bknown allosteric binding sitesô f other target proteins. Comparing with the sequence-based approaches, structure-based methods are more accurate. The accuracy of the structure-based methods relies on the quality of the 3D structure, which means that the 3D structure of the predicted protein is required.
Based on the allosteric binding sites in certain receptors, Huang et al. (61) used 90 crystal structures of non-redundant allosteric proteins with a resolution better than 3 Å that were extracted from the allosteric database to develop a server-based automatic tool named Allosite (http://mdl.shsmu.edu.cn/AST/). This highly efficient model uses different algorithms to predict the locations of allosteric sites in proteins, such as pocket-based analysis (analysis based on the Bdruggable^cavities referring to target proteins where small drug-like molecules have been shown to bind) and support vector machine (SVM) classifiers. Twenty-one site descriptors best suited to delineate the characteristics of typical allosteric sites were selected by a discriminated feature selection method (61) . Several software packages, including a novel geometry-based pocket-based algorithm named Fpocket (60), were chosen as an initial pocket to detect the cavities and covered all known allosteric sites. Then, SVM classifiers, a supervised learning model that employs learning algorithms for the classification of both linear and nonlinear data, was trained and tested to identify allosteric sites in proteins of interest as the final model in the web server of Allosite. They further validated the reliability of the server by predicting potential allosteric sites for five proteins collected from Allosteric Database (ASD) (15) . Their results showed that the allosite server is able to identify potential allosteric sites with high accuracy.
Conformational Dynamics-Based Approaches
Molecular dynamic (MD) simulations are applied to show structural changes in a target protein at the molecular level, which can accurately reproduce local and large-scale conformational changes of proteins (62) . It is frequently used to refine the 3D structure of a target protein. It is also used to examine the dynamics of atomic-level phenomena that cannot be observed directly. Therefore, this method was proved particularly useful in unraveling potential allosteric sites. However, accurate MD simulation is timeconsuming, and long MD simulations are mathematically illconditioned, generating cumulative errors in numerical integration. Dror et al. (63) recently utilized large-scale unbiased MD simulation to locate the allosteric site for the M2mAChR. Their results showed that the allosteric modulator bound to the extracellular vestibule of the receptor, a region approximately 15 Å from the orthosteric site. Meanwhile, Matosin et al. (64) conducted a 20-ns MD simulation using the AMBER force field to predict the allosteric sites, and selected 31 cavities from 201 unique cavities. After assessing their energy distribution similarities, 21 pockets were considered to be potential allosteric sites. Druggable target binding sites were detected while correlations among the binding sites' ionic locks were identified with the help of the CAVITY algorithm (65) , which is an approach used in detecting the An increasing number of state-of-the-art computational methods have been applied in the generation of more diverse structure ensembles. Another method, the coarse-grained two-state Gō model, can be used to identify allosteric sites in proteins based on the assumption that the allosteric site is able to reshape the energy landscape after binding to a ligand. Briefly, the model consists of two conventional single-state Gō potentials and generates an ensemble of two different functional states for the under study protein. With the help of the model, the combination of the two functional states of a protein and the allosteric coupling in the drug exporter were conducted. Perturbations are later added to a potential binding site to sample the distribution of populations of protein nearby in the state space. The binding site is predicted as a potential allosteric site if a population redistribution occurs in the system. Recently, Qi et al. (68) applied the approach and successfully identified all the known allosteric sites in a number of test proteins. They also selected Escherichia coli phosphoglycerate dehydrogenase (PGDH) as a case study and then predicted that the allosteric sites might have a larger size than known sites and provided new possibilities for novel ligand discoveries. Based on the conclusions, either the inhibitor, the corresponding cavity, or both could lead to the application of regulation of the E. coli amino acid synthesis pathway and metabolic network. One advantage of the two-state Gō is that it uses a measure of uncertainty to rule out sites that are unlikely to be important. Moreover, the two-state Gō model incorporates the binding of the ligand by changing the interactions within the binding site, which does not require background information of the protein-ligand structure. However, both the bound and unbound structures must be known with difference in the residue-residue contact level when using the approach. Calculation of the shape and energy landscape parameters is a time-consuming task and requires a large number of trials to provide sufficient sampling for the construction of a proper two-state ensemble.
Normal Model Analysis-Based Approaches
Normal mode analysis (NMA) possesses the ability to obtain the global modes that bear functional significance. Out of the all the methods discussed so far, NMA characterizes the largest number of functional motions of quaternary structures. NMA also unearths important sites that mediate or propagate allosteric signals (69) . Recently, NMA was used to predict the allosteric sites of target proteins (70) .
Protein allosteric and regulatory sites (PARS) (http:// bioinf.uab.cat/pars) is a web server to predict the location of allosteric sites based on the alteration of protein flexibility upon ligand binding described by NMA. Briefly, after uploading protein-structure files (PDB format), the LIGSITE csc program (70) , an extension algorithm that can automatically and efficiently detect potential ligand-binding sites in proteins, is utilized to predict suspended ligand binding sites. NMA (69) is performed for the unbound structure. The binding site is marked as a potential allosteric site if a significant difference (WilcoxonMann-Whitney test p value ≤0.05) is found between the unbound structure and the ligand bound protein flexibility. Panjkovich and Daura (70) marked PARS using 102 allosteric proteins. The result was a ranking of 44% proteins derived from the first position, and a total of 73% proteins were found in the top three positions. The approach starts with the test of whether the protein structure is available, followed either by protein sequence identification and homology modeling or ligand-binding sites prediction directly. The PARS constructs potential connections among changes in allosteric effects and protein flexibly according to the rule of structure conservation. The degree of conservation of the structure of each pocket is measured if enough structural data is provided for the protein family. However, with the limitations from both phenomenological variety and the dependence of accuracy in detecting allosteric binding sites in the initial steps, there is still room for improvement of this method using benchmarked datasets.
Combination of Conformational Dynamics-Based and NMA-Based Approaches
The SPACER web server (http://allostery.bii.a-star.edu.sg/) was developed by Goncearenco et al. ER has proven to be a simple and unique approach that can be applied in a wide range of proteins to provide meaningful links between structural dynamics and small molecules. However, the score measured local network used has an unclear empirical based to the model, and uses residue weighting in its original form, which lowers the chance of finding non-catalytic binding sites in proteins.
Other Allosteric-Related Approach
Ligand binding specificity analysis (LIBSA) was developed by Hocker et al. (74) (74) demonstrated the reliability of the approach by applying it on a diverse set of known receptors and corresponding ligands docked into Ras conformers with multiple binding sites. LIBSA correctly identified known allosteric sites for the ligands and predicted possible sites for determinate ligands. Although potentially more accurate, the approach is too computationally expensive to be used for virtual screening of large numbers of compounds and receptors. The combination of LIBSA and MD simulations may achieve balance between accuracy and efficiency.
PHARMACOPHORIC MODELS/FILTERS/ DESCRIPTORS FOR DISCOVERY OF ALLOSTERIC MODULATORS
Despite the development of computer and computational technique, virtual docking screening with an unfiltered compound library often causes a waste of time and resources, which impedes later compound selection. Therefore, it is advisable to filter compounds from a library before performing virtual docking screening. A pharmacophore is a description of molecular features which are necessary for molecular recognition of a ligand by a biological macromolecule. The pharmacophoric model/filter/descriptor is a useful tool for enriching a library with compounds that satisfies specific geometric and/or physicochemical constraints. The process for developing a pharmacophoric model generally involves five steps: (1) choose structurally diverse molecules, (2) generate a set of conformations for the compounds with low energy, (3) superimpose all combinations of the lowenergy conformations of the molecules, (4) transform the superimposed molecules into an abstract representation, and (5) validation for different biological activities of related receptors. By using pharmacophoric model for filtering, a big database (more than 200,000 compounds) can be efficiently narrowed down to a small dataset with several hundred or thousand compounds. However, some novel structures may be overlooked by using this method.
Pharmacophore-Based Virtual Screening
Castelli et al. (75) reported two novel PAMs (COR627 and COR628) in 2011. They selected six metabotropic γ-aminobutyric acid B (GABA B ) receptor PAMs with diverse structures from literatures (76) (77) (78) (79) , and generated a fivefeatures pharmacophore model, including three hydrophobic sites (H1-H3), one aromatic group (R), and one hydrogenbond donor (D). They used this pharmacophore model to perform virtual screening of two databases (ASINEX Gold Collection and ChemBridge EXPRESS-Pick Collection), and identified molecules sharing equivalent steric and electronic features located at an appropriate distance from each other. COR627 was one of the fittest compounds with respect to the common features pharmacophore identified by query. COR628, a simplified analog of COR627, was produced by in-house chemical synthesis. These two compounds showed potential therapeutic effects on GABA B receptors according to in vivo assay.
In 2013, Kubas et al. (80) reported 2-aminoquinazoline derivatives as a novel class of mGluR5 NAMs. They aligned 19 mGluR5 active in-house compounds and reported compounds to build 30 different pharmacophore models. Each pharmacophore model possessed four to seven pharmacophoric features. Then, these pharmacophore models were analyzed against their in-house evolution databases (generated from a virtual screening compound library comprising 6.5 million unique commercially available compounds) to determine the ability of each model for distinguishing between decoys and actives using ROC-AUC and early enrichment factors (EF=1% and EF=2.5%). The top eight pharmacophore models were further tested and had at least a tenfold selectivity against mGluR1 activity (80) . Finally, two best pharmacophore models with four pharmacophoric features were selected, to perform screening for a library of commercially available compounds. A total of 336 virtual hits were obtained, purchased, and tested for their in vitro activities on mGluR1 and mGluR5, respectively. The pharmacological screening yielded eight novel scaffolds with sufficient activity and selectivity for mGluR5.
Ligand-Based Similarity Search
In 2006, Renner et al. (81) performed a ligand-based similarity search (LBSS) to discover new allosteric modulators for mGluR5 without the crystal structure of mGluR5. The flexible-alignment module in MOE (an application for flexibly aligning small molecules) was used to align seven known compounds to detect the receptor-bound 3D conformations. A prescreening filter for a commercially available compound library with 194,563 molecules was applied to select 20,000 most Bdrug-like^compounds on the basis of their distance to Boptimal^variable values, in which these variable values are obtained by principal component analysis. Finally, 27 top-scoring and most independent molecules were selected for experimental testing according to separate similarity-based searches (an independent similarity search was carried out for each molecule). Some compounds showed high affinity within 1 μM at mGluR5.
Noeske et al. (82) reported the application of alignmentfree topological pharmacophore descriptors (CATs) for virtual screening of selective allosteric mGluR1 antagonists.
CATs are based on the 2D structure of a molecule and circumvent problems associated with conformational flexibility. They used six known mGluR1 (allosteric) antagonists as queries to perform the similarity searching in a commercially available compound library (Gold Collection of Asinex Ltd) that includes 201,304 entries. For each seed compound, the CAT program generated 100 most similar hits. Noeske et al. (82) first selected the top-five scoring compounds for each seed compound. They then selected the hits that met at least three of the six criteria in the lists, irrespective of their rank. Finally, 23 compounds tested empirically. One compound was found to be highly active (<1 μM) at mGluR1, and five compounds were moderately active with IC 50 values between 1 and 15 μM in functional assays (82) .
Support Vector Machine Filter
Véronique Hamon et al. (83) analyzed the properties of 40 non-redundant small molecules presented in the 2P2I database (http://2p2idb.cnrs-mrs.fr/) to define a general profile of orthosteric inhibitors and proposed an original support vector machine (SVM) protocol for filtering general screening libraries. SVM modeling (implemented in the statistical software package R) was used for model training. The original data was mapped through a kernel function onto a higher dimensional space where the two sets (training and test sets) are more easily separable with a linear classifier. The positive or negative activity of the training set was recorded as a factor variable to specify the classification mode in problems (83) . As a preprocessing treatment of data, each descriptor is centered on a mean of zero and scaled to a variance of 1. With a random selection of the training and test sets, the training is performed through a fivefold crossvalidation procedure, which is repeated 30 times. They selected the final optimal model according to the average best performance of the ROC AUC (area under curve) statistical parameters. The filtering protocol has been validated using external datasets from PubChem BioAssay and inhouse screening results, demonstrating that the SVM model can reduce the size of the filtered chemical library by eliminating up to 96% of compounds and enhancing the proportion of active compounds (83) ..
STRUCTURE-BASED VIRTUAL SCREENING FOR LIGAND DISCOVERY TARGETING AT ALLOSTERIC SITE OF GPCRS
Structure-based virtual screening involves docking of candidate ligands into a target protein followed by applying a scoring function to estimate the likelihood that the ligand will bind to the protein with high affinity. The accuracy of this method relies on the 3D structure of the biological target. This method is able to obtain faster and better results if the compound library is first filtered by pharmacophore model. Recently, with advances in GPCR X-ray crystallography, new opportunities came to attention for developing novel GPCR allosteric modulators as drugs (84) . This section summarizes different cases of developing allosteric modulators using structure-based computational approaches as shown in Fig. 3 .
Crystal Structure-Based Ligand Discovery
The X-ray crystal structure of D3R bound with antagonist eticlopride was reported by Chien et al. (85) in 2010. The structural basis of the binding pocket of D3R indicated a second potential allosteric binding site that extended toward ECL2, formed by TM1, TM2, and TM7 (Fig. 3 , allosteric site highlighted in green). Lane et al. (29) reported their work on large-scale virtual screening for orthosteric and allosteric ligands of D3R, employing two optimized crystal-structurebased D3R models: one represented an apo state, D3R APO , and another one bound with dopamine, D3R Dopa (Fig. 3) . At the beginning, they applied the LiBERO ((86), an algorithm that exploits ligand information for selecting the best performing protein models from an ensemble) optimization for the two models based on the D3R crystal structure (85) . Conformers of the D3R crystal structure were generated by introducing minor variations (~0.1 Å) in the protein backbone, using energy-based side chain sampling with known antagonist sets, in which the binding energy of antagonists at the protein may be caused by different conformations of side chains. The established conformers of the binding pocket were assessed by virtual ligand screening (VLS) performance, which can separate D3R ligands from decoys. Second, the virtual screening of 4.1 million compounds prepared from the Molsoft Screen Pub database (Molsoft, LLC, San Diego, CA) was carried out by employing the VLS procedure. The binding energy of antagonists at the protein may be caused by different conformations of side chains implemented in the ICM-Pro molecular modeling software (87) . Their screening work was performed independently for VLS models of D3R APO and D3R Dopa . They defined a large rectangular box that contains all the residues from orthosteric pocket, extended pocket, and ECLs for their docking procedure. Based on the docking results, they selected 300 compounds in each model hit list clustered by chemical similarity with 0.3 Tanimoto distance cutoff. The 5.42 in the backbone amides, Cys181 and Ile183 in the ECL2. Finally, they also further validated their predicted novel allosteric ligands by experiments. These allosteric modulators of the D3R receptor showed distinct functional profiles on dopamine-signaling efficiency to provide a starting platform for further optimization of selectivity.
Homology Model-Based Ligand Discovery
Recently, Radestock et al. (88) investigated the combination of two reported techniques for the improvement of homology model-based virtual screening for mGluR5 NAMs. They first utilized ligand-supported homology modeling to construct the receptor models that were congruent with the mutagenesis data and ligand structure-activity relationship (SAR) (88) , which means that the selection of a set of ligands and related predefined interactions. Specially, side chains of a protein were manually optimized, and a database of drug-like compounds was docked against the validated receptor. Using ligand-receptor interaction fingerprint-based similarity (IFS), they scored and ranked chemical compounds from a virtual library. IFS is a method for similarity search, including three steps: (1) information about the patterns of interactions between the reference compounds and the binding site residues was used to rank order of the docking solutions, (2) predicted patterns of interactions of the docking solutions were compared with the patterns of interactions of the reference ligands, and (3) patterns of interactions were encoded in binary, and the similarity between two fingerprints was determined via the Tanimoto distance coefficient. Their method was evaluated in retrospective virtual screening experiments for mGluR5 NAMs (88) . Comparing with the results obtained by conventional scoring functions, including PMF-score, Gold-score, FlexX-Score, Dock-Score, and ChemScore, the approach leads to significantly higher enrichment rates related to the competing scoring functions.
MOLECULAR DYNAMICS SIMULATION FOR EXPLORING THE DETAILED INTERACTIONS OF ALLOSTERIC MODULATORS
Although thousands of allosteric modulators are developed for more than 90 GPCRs, the accurate allosteric binding pocket and the detailed interactions between GPCRs and modulators are rarely reported. The breakthrough work of large-scale unbiased MD simulation to locate the allosteric site for M2mAChR, accomplished by Dror and co-workers (63) , indicated that MD simulation is a valuable approach for exploring detailed interactions of modulators. Therefore, allatoms MD simulation with calculation of the docking energy of both modulator and ligand is considered as a useful tool for predicting the exploring of the detailed interactions of allosteric modulators and GPCRs.
Recently, Shore et al. (31) reported the binding pocket and detailed interactions of ORG27569 in cannabinoid receptor 1 (CB1). The binding site of ORG27569 is located in the TM3-6-7 region of the CB1 receptor with extending to the extracellular side. They also performed 22.5 ns MD simulation with~35,000 atoms for ORG27569 docked in the CB1-CP55940 complex and of CP55940 alone at the CB1 receptor. They used the OPLS2005 force field with a distancedependent dielectric (coefficient of 2.0 to match the docking studies). The extended non-bonded treatment was employed. The dynamics module of Macromodel 9.1 (31) was invoked, using stochastic dynamics at 300 K with the use of SHAKE constraints for bonds to hydrogen allowing a 1.5-fs time step. The models were first minimized for 500 steps with restraints on all the heavy atoms The molecular dynamics was then initialized to 300 K, and an initial 100 ps of molecular dynamics was run (31) . They found that the interactions between ORG27569's peperidine nitrogen and Lys192 3.28 kept stable during the MD simulation, with the distance of 3.19 Å. In the presence of ORG27569, the hydrogen bond between CP55940 and Lys192 3.28 extended to 6.80 Å. However, the results of CP55940 along the docket at the CB1 receptor showed that the interactions between CP55940 and Lys192 3.28 also kept stable at 3.19 Å. Importantly, by calculating the interaction energies, they found that ORG27569 did not influence the binding affinity of CP55940 for CB1 receptor.
Xie's group (89) carried out the 100-ns MD simulation for the mGluR5 (residue 26-832, formed by Venus Flytrap domain, a so-called cysteine-rich domain, and 7TMD) bound with (a) antagonist-LY-344545 (an epimer of LY-341495, mGluR2/3 selective antagonist) and NAM-mavoglurant and (b) agonistglutamate and PAM-VU0405386. Their MD simulations were carried out using the NAMD package (version 2.9b1) with CHARMM27 force field. Electrostatics were calculated using the Particle Mesh Ewald10 (PME) method with a 12-Å nonbonded cutoff and a grid spacing of 1 Å per grid point in each dimension. The van der Waals energies between protein and molecule were calculated using a smooth cutoff value (switching radius 10 Å, cutoff radius 12 Å). The temperature was maintained at 310 K using a Langevin thermostat and the pressure was maintained at 1 atm using the Langevin barostat, respectively. The time step of MD simulations was set to 1 fs. Their system included~70,000 atoms with a 60×70×160 Å 3 water-lipid box. Their results showed that the conformations of both mavoglurant (NAM) and VU0405386 (PAM) after stable 100-ns MD simulation results, when comparing with their conformations before MD simulation. However, the Bionic lock^in 7TMD of mGluR5 differed greatly depending on the ligand. The distance between Lys665 3.50 and Glu770 6.35 after 100-ns MD simulation remained within 3.0 Å. However, for mGluR5 bound with VU0405386 (PAM), the observed distance between Lys665 3.50 and Glu770 6.35 after 100-ns MD simulation extended to 7.1 Å.
BITOPIC LIGANDS
In recent years, bioactive compounds were designed to bind simultaneously to GPCR orthosteric and allosteric binding areas, which is derived from the Bmessage-addressĉ oncept of Schwyzer (90) . In principle, these molecules consist of two parts connected by a chemical linker, including the message part, effecting signal transduction responsible for the activation of the receptor, and the address part, located adjacent to the message, which provides additional binding affinity by guiding the ligand to the receptor. More specifically, the Bmessage^may interact with the highly conserved orthosteric site and the Baddress^binds to the less-conserved allosteric binding pocket, contributing to selectivity. By combining these two considerations, ligand design efforts can incorporate selectivity as well as binding affinity as design criteria.
Bitopic ligands (also named as dualsteric ligands) consist of two pharmacophoric units connected via a linker. The pharmacophores can be identical (i.e. Bhomobivalent^) or different (i.e. Bheterobivalent^). These pharmacophoric units (two or three) could bind to the orthosteric site and an allosteric site in the same receptor as well as bind to two orthosteric binding sites located on two different receptors.
Generally, the large size and molecular weight of bivalent ligands limit their in vivo use due to the impaired bioavailability. However, few synthesized bivalent ligands are not hindered by these limitations and have shown potential in vivo pharmacological activities.
Portoghese et al. (91) obtained MDAN-21, which could pass through the blood-brain barrier to induce antinociception by connecting oxymorphone, a μ opioid receptor agonist, with naltrindole, a δ opioid receptor antagonist.
Halazy et al. (92) have successfully conjugated two identical sumatriptans (5-HT1B agonist) together to obtain an orally active drug that could induce a stronger hypothermia effect than sumatriptan itself. It is surprising that such a drug was able to cross the blood-brain barrier in spite of its elevated molecular weight, polar surface area, and number of hydrogen-bond donors, indicating that an active transport is probably involved.
Bitopic-allosteric/orthosteric GPCR agonists were first discovered at M2mAChR, by molecular-mechanistic investigations of a known agonist, as well as by the specific de novo synthesis of a ligand aimed to simultaneously act on both the allosteric and orthosteric binding sites. Christopoulos's group (51, 93) characterized the earliest known partial agonist McN-A-343 as a bitopic ligand, which displays substantial differences in efficacy across receptor subtypes: as a full agonist of M1mAChR or M4mAChR but a weak partial agonist at M1mAChR. For the fragments of McN-A-343, the tetramethyl ammonium cation represents the message part occupying the orthosteric binding site, whereas the 3-chlorphenylcarbamate is the address part for the allosteric EL2 vestibule, and a rigid butynyl chain links the two parts. 3-Chlorphenylcarbamate has a substantial negative allosteric effect on the signaling efficacy of tetramethyl ammonium cation and contributes to the weak partial agonism displayed by the parent compound, McN-A-343. However, this molecule seems so small that it cannot occupy larger areas in the allosteric binding pocket and thereby gain subtype selectively for the M2mAChR since it attains similar binding affinity to the M4mAChR as well.
In a traditional view, it may be expected that bitopic ligands will gain substantially improved binding affinity with their target receptor compared to the binding affinities of the individual pharmacophores. Just as the case, Steinfeld et al. (94) generated the compound THR-160209 by connecting an orthosteric 3-benzylhydrylpyr-rolinyl building partner via a heptane chain to an allosteric 4-aminobenzylpiperidine motif, and they gained a considerably higher receptor affinity than seen with individual components (pKi (total)=9.5 vs. pKi=5.5 for the single compounds) and a certain preference for the M2mAChR.
The other type of dualsteric compounds may display relatively good subtype selectivity for the target receptor but gain less potency/affinity than orthosteric blockers. For example, Antony et al. (95) conjugated the allosteric modulators to iperoxo, an orthosteric muscarinic receptor agonist, and gained bitopic compounds with less binding affinity, but higher preference on M2mAChR. The differences between the two types may be due to differences in the orthosteric and allosteric pharmacophores that were combined to yield the bitopic ligands. In this case, the orthosteric moiety within THRX-160209 is an antagonist, and the allosteric moiety is a negative allosteric modulator; both pharmacophores would therefore have similar preference on receptor states. In contrast, the hybrid molecules reported by Antony et al. (95) conjugated an orthosteric agonist to a negative allosteric modulator; the individual pharmacophores are likely to prefer different states of the receptor, thus resulting in a compromised binding affinity of the bitopic ligand.
Bitopic allosteric and orthosteric ligands were designed and synthesized according to the concept applying on M2mAChR as follows. Recently, Christopoulos et al. (51, 93) conjugated adenosine to VCP171, a PAM of the adenosine A1 receptor, to gain a compound (named VCP746) that binds to both the orthosteric and allosteric sites. Importantly, VCP746 was shown to protect both cardiomyoblasts and cardiomyocytes against simulated ischemia in vitro studies, but it had no effect on rat atrial heart rate in vivo.
Four combinations of orthosteric-allosteric parts are theoretically possible: active-active, active-inactive, inactive-active, and inactive-inactive. The hybrid M1mAChR agonists mentioned previously represent the constellation of Borthosteric active/allosteric inactive.^In that case, both the orthosteric and the allosteric parts should be optimized to generate a highly potent dualsteric ligand. The orthosteric agonist was considered to provide very high affinity and efficacy for the receptor activation to maintain sufficient activation for the dualsteric construct because of the functionally opposing receptor conformations for the constellation of Borthosteric active/allosteric inactive.^The allosteric binding partner should possess high affinity and subtype selectivity for the receptor. However, upon binding of the dualsteric ligand, the other binding site of the receptor may undergo conformational changes, causing negative or positive cooperations. It is important to keep Bbalance of power^in the constellation Borthosteric active/allosteric inactive^to adjust signaling pathway selectivity to a desired level.
Sometimes dualsteric ligands have higher affinities than the respective partners with high subtype selectivity. This can be achieved if two parts bind into their corresponding binding pockets in an ideal manner without inducing an unfavorable conformational rearrangement of the receptor protein, which can be explained by the lower total entropy cost of the ligand-receptor complex. The mostly favorable spatial proximity between the orthosteric and the allosteric binding areas contributes to a decrease in entropy (96) . Conformational changes in the two binding events can either be (locally) entropic or enthalpic. This can differ case by case. The general rule is that an increase in entropy is the driving force for the docking of a polar agonist and a decrease in enthalpy in the driving force for the docking of a mostly hydrophobic antagonist (97) .
According to the BLipinski Rule Five^(98), agents with molecular mass lower than 500 Da have a better bioavailability than agents with more mass. Bitopic or dualsteric compounds are often too large (>950 Da) or too lipophilic to be efficacious effectively in the clinic. According to the analysis of allosteric modulators, rules for simply deciphering the chemical characteristics of allosteric modulators were developed by Zhang's group (15), as follows: (i) molecular weight, MW≤600; (ii) rotatable bond number, RBN≤6; (iii) number of rings, 2≤nR≤5; (iv) SlogP, 3≤SlogP≤7. The Ballosteric-like^rules provide a preliminary filter for the identification of allosteric modulators, guiding rational design and optimization of allosteric hits.
Valant et al. The design of bitopic ligands may have multiple problems since several parts of the molecule-the orthosteric and the allosteric parts as well as the linker-must be optimized and linked in appropriate ways. No matured computational approaches have yet been developed for the discovery of bitopic ligands. However, from the concept of bitopic ligands (including different pharmacophoric units and linker), some potential computational methods should be suitable for the design of the bitopic ligands. We note especially that in computational fragment-based design, the strategy of design bitopic ligands is markedly similar to computational fragment-based design. Recently, Oguievetska et al. (99) successfully used computational fragment-based drug design to explore the hydrophobic sub-pocket of mitotic kinesin Eg5 allosteric binding site. Eg5 is a mitotic kinesin exclusively involved in the formation and function of the mitotic spindle that has attracted interest as an anticancer drug target.
Three potential allosteric sites were reported in GPCRs, as shown in Fig. 4 . The structural basis of the binding pocket of D3R (29) and the docking results of D2R (26) indicated a potential allosteric binding site that extended toward the ECL2, formed by TM1, TM2, and TM7. Based on the detailed interactions between allosteric modulators and CB1 receptor (31)/M2mAChR (66), another allosteric site (allosteric site II) can be observed in the ECL2. Recently, the third allosteric site for sodium was reported by Liu et al. (53) and Xie's group (5). The previous two allosteric sites have enough space to be occupied by allosteric modulators, which also have potential for allosteric pharmacophores for bitopic ligands. The sodium allosteric site, the allosteric pocket, only accommodates small molecules, such as amiloride, due to its limited size (53) . Although this allosteric site for sodium seems conserved, the allostery of sodium or amiloride is only found in few receptors (55) , indicating that this allosteric site may result in high selectivity of related ligands. All three allosteric sites can be used to construct allosteric pharmacophores for bitopic ligands with the fragment-based method, which is to apply orthosteric features and the allosteric pharmacophore separately, as shown in Fig. 5 . Briefly, for orthosteric features, a library of known orthosteric compounds of corresponding targets is collected to generate an active Bfragment/feature,^in which the fragment or feature may show activity, with lower than 10 μM against target protein. The allosteric fragments can be obtained using the same protocol for orthosteric features from the library of both orthosteric compounds, and from known allosteric compounds, in which the latter library is more reasonable.
FUTURE DIRECTIONS
Computationally identified allosteric modulators and bitopic ligands of GPCRs have advantages against orthosteric ligands. When developing allosteric modulators and bitopic ligands, chemical and pharmacological issues should be taken into consideration, such as ligand-based signaling and safety assessment.
The discovery of allosteric modulators is a milestone for designing novel GPCR ligands. The design and development of bitopic ligands is a promising and exciting strategy to discover new drugs, especially for improving selectivity of target proteins. However, it is still challenging to validate bitopic ligands by experiments. The mechanisms of action of bitopic ligands also need to be validated by bioassays, such as mutagenesis and kinetic and equilibrium experiments. More pre-clinical data is still needed to support the therapeutic application of the new bitopic compounds.
In contrast to the encouraging progress made in the discovery and functional characterization of allosteric/bitopic Fig. 4 . Allosteric binding site I was formed by TM1, TM2, and TM7, which is highlighted in purple. Allosteric site II can be observed in the ECL2, which is highlighted in yellow. Sodium allosteric site is highlighted in red. The orthosteric site is highlighted in green GPCR ligands, the detailed structural biology of their binding sites is still poorly understood. Existing experimental methods were proved extremely difficult to crystallize the allosteric binding site and cannot provide the same degree of structural data which had supported allosteric/bitopic drug design in soluble proteins such as kinases (100) . The good news is that novel computational approaches can facilitate our understanding of the role of allosteric/bitopic ligands and their corresponding GPCRs in related diseases.
In order to improve accuracy to predict allosteric modulators and bitopic ligands in the future, further research developments are still needed in some computational approaches. The following improvements in the field seem likely in the future:
(1) Robust approaches of predicting allosteric sites for GPCRs. Since the allosteric sites predicted by structural-based or topological-based approaches are selected mainly from protein kinases and enzymes, no allosteric site from GPCRs is used. As in all modeling, tuning parameters and model selection are sensitive to the completeness and representativeness of data sources for parameterization. Therefore, these models (biased application) may make an ineffective prediction for the allosteric sites in GPCRs (52). (2) New libraries for allosteric pharmacophores. Until now, the libraries used for virtual docking screening of allosteric modulators mainly come from the orthosteric compounds library. So far, more than 22,000 allosteric modulators have been reported, which should be collected and put together into an allosteric library. (3) Fragment-based allosteric analysis. Until now, no mature computational approaches are developed specifically for the discovery of allosteric modulators or bitopic ligands. Based on concept of bitopic ligands, that consist of different pharmacophoric units and linkers and the successful instance of using computational fragment-based drug design to explore the allosteric binding site of mitotic kinesin Eg5 (99), we suggest that the fragment-based allosteric analysis approach should be developed further to aid in the discovery of allosteric modulators and bitopic ligands for GPCRs. (4) Improvement of MD simulation. Rigorous molecular dynamics simulations can be used for the identification and validation of allosteric sites and the detailed interactions (52) . However, conventional MD simulations suffer from incomplete conformation sampling for systems with the same size. Moreover, accurate MD is time-consuming, and long MD simulations are mathematically ill-conditioned. Last but not least, the traditional force-field parameters may not be accurate for the modulators or bitopic ligands. (5) Novel combinations of approaches. Logical set analysis of results from alternative methods can employ overlap (consensus set) or union (any result) type approaches, with varying degrees of resulting sensitivity and specificity. An objective means to setting up a rapid, tunable screening procedure could be established if various logical combinations of sets of results were studied systematically, with empirical validation, as has been done for massspectrometry-based proteomics peptide identification. Although the method space is huge (Table I) , a comprehensive study would inform on the utility of considering more than one approach simultaneously. Computational strategies for designing the bitopic ligands for GPCRs using fragment-based approaches. Design of bitopic ligands includes but is not limited to a connecting the orthosteric site and the allosteric site I, b connecting the orthosteric site and the sodium allosteric site, and c connecting the orthosteric site, allosteric site I, and the sodium allosteric site. Upon confirming the orthosteric and allosteric pharmacological properties, the linkers can be attached to each of the pharmacophores
